ABSTRACT
INTRODUCTION
Bacteria produce restriction endonucleases and modification methylases (R-M systems) that recognize specific DNA sequences, called recognition sites. Restriction enzymes cleave DNA with an unmodified recognition site, whereas the modification methylase protects DNA by adding a methyl group to either cytosine or adenine in the recognition site. Three types of restriction enzymes have been recognized to date (1) . Table 1 shows a few representative examples of the recognition sequences of each type.
The type I enzymes recognize bipartite sequences consisting of 5′-end 3-4 nucleotides interrupted by a 6-7 random nucleotide spacer and 3′-end 4-5 nucleotides (11) . A total of 15 different type I recognition sites have been identified (12) . Typical type II enzymes have palindromic recognition sites that are 4, 6, or 8 nucleotides in length. Some type II enzymes recognize short non-palindromic sequences. Few type II sequences are interrupted with nonspecific bases similar to type I enzymes. So far, more than 200 type II recognition sequences have been documented (12) .
Type III enzymes recognize a pair of sequences 5-6 nucleotides in length, which are inversely oriented (10) . However, the number of nucleotides between each pair has not been well established. It is assumed that the distance between the pair can be from a few nucleotides to a few kilobases for cleavage to occur. Only seven recognition sites are known for the type III enzymes (12) . Degenerate forms of the recognition sequences have also been found for both type I and type II enzymes.
Previous determination of recognition sites involved tedious biochemical reactions and labor-intensive enzyme purification (8) . A computer program developed in 1978 facilitates this process for type II enzymes (4). This requires partial purification of the enzymes, and the method is based on the cleavage pattern of the known DNA sequences. Therefore, this method cannot be applied to type I or type III enzymes, since these enzymes do not cut the sequences at exact predicted bases. To expand the capability of the search of DNA recognition sequences to type I and type III enzymes, we developed a simple plasmid transformation system to detect in vivo restriction activity ( Figure  1 ). This system is based on the observation that a plasmid containing a recognition site (positive plasmid) is cleaved by the host restriction enzymes after entering the cell, whereas a plasmid without a recognition site (negative plasmid) is not. As a result, a reduction in transformant numbers compared to the negative plasmids will be observed on selection plates. In actual experiments, to avoid the adjustment of the concentration of each plasmid, plasmids can be transferred to a bacterial strain producing a restriction enzyme, and also into a strain not producing a restriction enzyme (such as E. coli C) as a control. A reduction in transformant numbers will be observed only in the plasmids containing one or more recognition sites.
To evaluate the effectiveness of this system, we selected lambda DNA (7) as a model system and developed six lambda BamHI subclones using the pUC vector derivative, pMECA (14) . We then tested this system using E. coli strains producing EcoBI (type I), HindIII (type II), or EcoP1 (type III) and observed a reduction of the transformant numbers of 10 -1 to 10 -3 in positive plasmids compared to negative plasmids (J. Kasarjian et al, 2000, Ann. Mtg. ASM, p. 371. Los Angeles, CA, USA). A stronger reduction was observed when a plasmid had more than two recognition sites. Since any plasmid can be easily placed into either a positive or negative group using this method, we concluded that this system provides a convenient way to determine the presence of restriction enzymes in a given bacterial strain.
DNA recognition sequences exist only in positive plasmids and not in negative plasmids. By having enough plasmids and sequence information, it is possible to identify the unique recognition sequence for the restriction enzyme. Since we could not find suitable commercial programs, we have developed a new computer program to find the recognition sequences in addition to this transformation assay. Our initial version of the "RM search" program can determine the recognition sequences of both type I and II enzymes.
RESULTS

Description of the RM Search Program
The RM search program has a window interface that lists positive and negative plasmids. Figure  2 ). All the plasmid sequences are stored as simple text files. The user defines the search parameters, for example, type I or type II search, 4-, 6-, or 8-nucleotide sequence, or a combination of these from the search menu. A search can be extended further to the 12 nucleotides for a type II search. In the case of a type I search, both the 5′-and 3′-end sequences can specify up to six nucleotides each. When the searches are executed, the program finds, for example, all six nucleotides sequences that are common to all positive plasmids and then eliminates any candidate that exists in negative plasmids. Using our desktop PC (Pentium II, 260 MHz), it takes only a few seconds for a typical sequence search using several positive and negative plasmids with sequences of several kilobases in length. When lambda DNA was used as a model system and the total DNA (48.5 kb) was divided into 49 1-kb files, it took only 7-14 files to identify typical type I and type II sequences, whereas when 25 2-kb files were used, 13-25 files were required to identify the same sequences.
Positive or negative sequence files and search results can be stored or printed. Under the "find" menu, the program reports the number of query sequences existing in each file. If the search results return more than a single match, more experimental data must be entered. Under the "search" menu, this program has an option to perform a degenerative DNA search that can find two or more slightly different sequences recognized by the same enzyme.
Computer Programming and Algorithms
The transformation experiments described in this paper provide information on whether or not a plausible recognition sequence exists in each plasmid DNA. Among all of the positive plasmid DNA sequences, there must be one common recognition sequence corresponding to a restriction enzyme. Moreover, this common sequence should not occur in any of the negative plasmid DNA sequences.
The search for this recognition sequence can be modeled as solving a simple set intersection problem. A positive plasmid DNA sequence defines a set of candidate recognition sequences, whereas a negative plasmid DNA sequence defines non-candidate recognition sequences, each of which may match a substring of the sequence at some site. Each recognition sequence consists of a distinct pattern, which we call a "recognition pattern" (Table 1) .
A positive plasmid DNA sequence of m bp contains 2(m-n+1) candidate recognition sequences for a given recognition pattern of length n bp. Here the multiplicative factor 2 corresponds to the two complementary DNA strands. Hence, the set of all the candidate recognition sequences with a certain recognition pattern can be computed by intersecting the sets of candidate recognition sequences defined by the positive plasmid sequences and subtracting the union of all the negative non-candidate recognition sequences represented in the negative plasmid sequences.
To solve the set intersection problem, the universal set of all the candidate recognition sequences defined from the current search parameters, such as 3(6N)4, is represented. Each plasmid DNA sequence is then encoded as a (characteristic) vector of binary bits (2), where each true bit indicates the presence of a particular candidate recognition sequence. Using this data structure, the set intersection and union operations can be performed by taking two binary bit vectors and recording the "and" and "or" of their corresponding bits as follows. Two bit vectors are initialized with values all true and all false, respectively; one (V1) is used to represent the set of common candidate recognition sequences in the positive plasmid DNA sequences, and other (V2) is used to represent the non-candidate recognition sequences occurring in the negative plasmid sequences. To intersect the sets of candidate recognition sequences from the positive plasmid sequences, each positive sequence is scanned, and, for each candidate recognition sequences that does not appear in the subsequent positive sequence, its corresponding bit in vector V1 is set to false. Similarly, to compute the union BioComputing/BioInformatics>>>>>> Figure 1 . Separation of plasmids containing a recognition sequence (positive plasmids) from those without a recognition sequence (negative plasmids) using a bacterial transformation method. Plasmids with known DNA sequences are transformed individually into bacteria, producing a restriction enzyme. Transformants are recovered using an antibiotic resistant marker such as ampicillin. Positive plasmids are subject to cleavage, and only a few transformants will be obtained (B), whereas negative plasmids will survive and result in many transformants (A). This diagram assumes that the initial concentration of each plasmid is equal. To see the reduction of the transformants, a restriction minus strain, such as E. coli C, can be used as a control. After plasmids are categorized as positive or negative, the recognition sequence will be predicted using the RM search program.
of the sets of non-candidate recognition sequences from the negative plasmids defined by the current recognition pattern, each negative plasmid sequence is scanned. Then, for each set of non-candidate recognition sequences encountered, its corresponding bit in vector V2 is set to true. Once the two vectors V1 and V2 have been determined, V1 -V2 is computed, and the result is saved in V1 (instead of creating a third bit vector) by writing over the values in V1. This means that the search time is proportional to the total length of the positive and negative plasmid sequences, which is the best possible for such a search algorithm because it has to scan all the sequences.
The above algorithm can also be extended to find recognition sequences that contain degenerate positions [e.g., of form 3(6N)R3]. The running time and memory will increase slightly because the universal set of all candidate recognition sequences is enlarged.
The algorithm has been implemented as a modular C++ class, used by a program based on wxWindows GUI API. The wxWindows API (available at http://www.wxwindows.org) allows for the development of cross-platform applications. So, while the application was originally written in the Linux environment, it can be recompiled and used in the Windows environment as >>>>>>>>>>>>>>>>>>>>>>>>>> Figure 2 . RM search as seen on the computer screen. In this example, a trial for a type I sequence search (T1) specific for three nucleotides in the 5′-end (H3, H from head), six random nucleotides (R6, R for random), and four nucleotides in the 3′-end (E4, E from end) was performed. Two candidate recognition sequences are shown in the results window. These two sequences exist only in positive plasmids such as pL101 and pL103 and not in negative plasmids such as pL102 and pL104.
well. The modular C++ class that represents the search algorithm and its data structures can also be run as a command line interface, which can be used in conjunction with shell scripts.
DISCUSSION
Although many restriction enzymes are already known, recent bacterial genome projects suggest many more are yet to be found (13) . Traditional methods to find new restriction enzymes depend on the presence of a bacteriophage or an assay of the enzymes after partial purification. The latter are useful to find type II restriction enzymes but are not suitable to search for type I or type III enzymes. By combining the transformation method with the RM search program, new restriction enzymes and their recognition sequences can be found without enzyme purification. Since more than 75% of the type I recognition sequences are still unknown (12) , this method can also be used to find some of those undetermined recognition sequences. Using this method, we deduced the recognition sequences for both KpnAI and KpnBI, type I restriction enzymes dis- This method requires a set of plasmids with known DNA sequences and bacterial strains that are transformable. Any plasmids with a suitable selection marker can be used for this purpose. Bacteria can be transformed using a CaCl 2 -heat shock method originally designed for E. coli (5) or an electroporation method (3). We are now using this method to screen clinical bacterial strains for new restriction enzyme activity. Following identification of the recognition sequence, the genes for the R-M systems can be cloned and the enzymes purified.
If a bacterial cell contains two different restriction enzymes, each recognizing completely different sequences, then the program always returns null results. When this happens, the positive plasmids must be divided into two groups using a simple elimination process. A similar process is necessary when three or more enzymes are present in the same cell. A future version of the RM search program will perform this task automatically. It is also possible to mutate and therefore knock out activities of one or more restriction enzymes to make the analysis easier.
Many bacteria produce Dam and/or Dcm methylases that modify the sequence GATC (6) and CCA/TGG (9), respectively. Methylation of bases by these enzymes can block the action of restriction enzymes when the sequences overlap with the recognition sequences of the restriction enzymes. This may result in false negatives. Any proteins that bind tightly to DNA, such as repressors, can also hinder the action of restriction enzymes if the recognition sequences overlap with the binding sequences. When analyzing data, it is always better to start a search with as many positive plasmids as possible and then add negative plasmids one at a time.
Further, this program can be used for purified restriction enzymes to find their recognition sequences using in vitro experiments. Restriction enzymes can be mixed with known DNA sequences, and the cleavage results can be analyzed in a similar manner. This program is also useful for identifying commonly shared DNA sequences less than 14 bp. This limitation can be changed by modifying the program. Interested readers can contact the corresponding author for a copy of the program.
